The present status of rare decays of mesons and leptons are reviewed in terms of CP violation and lepton avor violation. Neutrinoless double beta decays are also discussed in terms of lepton number violation.
Introduction
Rare decays have played a key role in the development of the standard model.
The decay + ! e + , which is helicity-suppressed to the level of 10 ?4 , provided a con rmation of the V{A nature of the weak interaction. 1 It is now studied in terms of e-universality in weak interactions at a level of 0.2 %. 2 CP violation was observed 3 by the decay mode K 0 L ! + ? at the level of 10 ?3 . This mode in conjunction with similar modes is being studied by several groups 4 at a precision level of 10 ?4 ; the double ratio of K 0 L and K 0 S decays to charged and neutral pions is expected to di er slightly from unity by 6Re( 0 ), where 0 is a ratio of direct (by a CP violating decay amplitude) and indirect (CP violation by state-mixing) components. The suppression of the decay K 0 L ! + ? 5 indicated the absence of avor changing neutral current which suggested the existence of the charm quark. This mode is now being studied 6 in terms of V td . Studies of these classic rare decays can now be categorized as \precision experiments". In the present talk, suppressed weak decays with accumulated events less than 50 are considered to be \rare decays".
There are other types of rare decays which have never been observed, perhaps because they are prohibited in the standard model. In the following chapters, some unanswered questions in the standard model are addressed in conjunction with studies of rare decays. Topics include \allowed" rare decays to investigate the origin of CP violation, forbidden decays to study the problem of the multiple quark-lepton generations, and double ( ) decays to study the neutrino mass problem.
Allowed Rare Decays
The three-generation standard model has incorporated CP violation by including a complex phase in the o -diagonal corners of the Cabibbo-KobayashiMaskawa (CKM) weak quark-mixing matrix. The least known elements are the two corner o -diagonal elements, V td and V ub . Orthogonality between the rst and the third columns of the matrix relates these two matrix elements (assuming the diagonal elements to be nearly unity):
V ub + V cd V cb + V td 0:
(1) The above equation is usually illustrated by a unitarity triangle in the complex plane. The bottom side V cd V cb is well determined from the Cabibbo angle and precision measurements of B ! D decays. The height of the triangle is the imaginary part of V td or V ub , and is responsible for CP violation. The question of CP violation is whether the triangle is at or not. Since the absolute value of V ub may reasonably be determined with the development of theories and experiments, the next step is to measure the height, the length of the remaining side jV td j and the three angles, , and ; multiple constraints on this triangle are essential elements of testing the standard-model origin of CP violation, or of nding a clue to physics beyond the standard model.
Since B decays play a signi cant role in the determination of the triangle, rare B decays will be brie y discussed to show the status of CP-related studies.
The time-dependent yield of the decay B 0 (B 0 ) ! K 0 S measures sin2 in the triangle without e ects of competing diagrams. About 40 events were observed by the CDF group. 7 In order to determine the angle at a level of 10 %, about 10 3 tagged events (B 0 or B 0 ) are required. The observation of CP violation in this mode is the primary goal of many B-factories.
The time dependence of the decay B 0 (B 0 ) ! + ? (sensitive to sin2 ) is another CP violating observable to be studied at B-factories. There may be a signi cant contribution from another CP violating diagrams with a loop that complicates the extraction of the CP phase (the so-called penguin pollution), and this may require other measurements of similar decay modes for isospin or SU(3) analyses. 8 A few events have been observed 9 at the level of 10 ?5 , but because of the di culty in doing particle identi cation between pions and kaons the branching ratios were only quoted as a sum of B 0 (B 0 ) ! + ? and B 0 (B 0 ) ! K + ? . When the amplitude of the decay B ! (!) is compared with a similar decay B ! K , the ratio provides j Vtd Vts j. The decay B ! (!) is expected occur at a branching ratio around 10 ?6 and the present limit 10 for B ! is 3:1 10 ?5 .
However, there is a theoretical uncertainty in the corrections up to the size of the main diagrams.
The decay K + ! + proceeds via second order weak interactions and is sensitive to jV td j. The uncertainties from the diagrams with a virtual charm quark and by long distance interactions have been estimated to be 7 %. 11 The expected branching ratio is 0:5 ? 3 10 ?10 depending on the value of V td .
Experimentally, the search is done by looking for a single pion track with no other activity in the detector system. Two major background sources are from K + ! + and K + ! + 0 . Therefore, excellent -identi cation and photon vetoing capability to reject events with photons from 0 decays are required in the experiment. Using stopped K + 's, the E787 group at BNL measures the momentum, kinetic energy and the range of the decay particle for particle identi cation. The tracking region is almost entirely covered by an electro-magnetic calorimeter. In addition, the pulse shape in the stopping counter is measured to positively identify the decay sequence, the decay + ! + followed by the decay + ! e + . The present upper limit for this mode is 2:4 10 ?9 (90 % c.l.). 12 Along with the upgrade of the accelerator, the group has upgraded the detector to reach a sensitivity below 10 ?10 .
The decay K 0 L ! 0 is theoretically clean and involves only direct CPviolation. The expected branching ratio 1 ? 5 10 ?11 is proportional to the square of the imaginary part of V td (the height of the triangle). Since all the particles involved in this decay mode are neutral, any additional kinematic constraints are very important. The present limit, 5:8 10 ?5 , comes from the Fermilab experiment E799 13 in which the decay products of 0 ! e + e ?
(BR = 1%) were measured to get the vertex but a signi cant part of the acceptance was lost. The group is going to push the limit to 10 ?8 , but still three orders of magnitude away from the prediction. Dedicated experiments with a 
where C K and C B are e ective coupling constants for K and B systems, respectively, including the mixing angles. In this sense, kaon decays are favored signi cantly, especially when the \beam intensity" factor of 10 6 is taken into account. However, for higgs couplings the mass ratio may be signi cant, making B decays attractive. the binding energy of the muonic atom. The major background source comes from electrons from decay in orbit, in which the electron energies could reach the maximum available energy for the ? A ! e ? A reaction although the spectrum sharply drops at the end-point. Good energy (momentum) resolution is essential in this experiment to separate the background. In this conference, the SINDRUM-II group at PSI reported a new limit 8:4 10 ?13 (90 % c.l.) in titanium. The group may push the sensitivity by another order of magnitude after the installation of a ! converter to increase the beam intensity while reducing pion contamination in the beam.
The MEGA group at Los Alamos nished data taking for the + ! e + search.
They accumulated data corresponding to 10 14 muon decays. The di culty of this experiment is to get good energy and angle resolutions to suppress background arising from chance coincidences and the physical process, ! e .
The goal is to reach a sensitivity level below 10 ?12 . In the search for muoniumantimuonium conversion ( + e ? ! ? e + ) , a thermal muonium drifting out from the target converts to an anti-muonium in vacuum. An electron from the decay ? ! e ? is detected with the SINDRUM-I detector while a very slow positron is accelerated by an electric eld and detected. The present limit 0.018 G F 21 may be improved by another order of magnitude. The BNL experiment E871, search for K 0 L ! e , is taking data and expects to improve the current limit 3:3 10 ?11 by another order of magnitude. In this experiment, the K 0 L beam is stopped immediately after the decay volume to reduce the counting rates of the downstream counters. Also, the number of track measurements has been increased to cope with random hits due to high counting rates. Another BNL experiment E865 is pushing down the limit for the decay K + ! + + e ? by a factor of 70. This group also went through a major upgrade to clean up the beam halo and to gain more acceptance. A similar neutral decay mode K 0 L ! 0 e is being studied by the E799 group at Fermilab.
Double Beta ( ) Decays
Neutrinoless decay is forbidden in the standard model because it violates the lepton number conservation law; in order to absorb the virtually emitted neutrino in the \ rst" decay, neutrinoless modes require = , which means that the neutrino should be a majorana particle. It also means that there should be some mechanism to deal with the wrong helicity of the virtual neutrino. This can be achieved by introduction of neutrino mass, introduction of Majoron, and/or introduction of right-handed currents to accept the wrong helicity.
In neutrinoless decays except the Majoron mode, the sum of two electron energies is almost equal to the available Q-value. When the source can not be used as a detector, e.g. in 82 Se and 100 Mo, thin isotopically enriched foils are sandwiched by detectors to measure two electrons. Since the invention of Ge detector, decay searches in 76 Ge have taken the leading role. The tightest lower limit for neutrinoless decays, T 1=2 > 6:4 10 24 y based on 12.5 kg y data, 22 comes from the Heidelberg-Moscow collaboration using several 2-kg enriched (86 %) 76 Ge detectors. Figure 1 shows the present status of neutrinoless decay limits. 22;23;24 In many sensitive nuclei such as ones in Fig. 1 , direct measurements now surpass geo-chemical ones.
For the neutrino mass limit, the half-life is connected to a neutrino mass through nuclear matrix elements, which are reasonably estimated by shell model calculations for light nuclei up to A 100. However, truncation of the shell model space signi cantly a ects the results for heavier nuclei. On the other hand, the Quasi-particle Random Phase Approximation (QRPA) provides reasonable estimations for heavier nuclei although there are some uncertainties due to unknown strengths of particle-particle interactions. These calculations are con rmed by two-neutrino decays, ordinary decays and B(E2) values, and then applied to neutrinoless decays. Two-neutrino decays in 48 Ca were measured with a Time Projection Chamber (TPC) by the University of California Irvine group at 5:3 +3:5 ?1:5 10 19 y. 25 This is in good agreement with shell model calculations, con rming the validity around the closed shell region. Measurements of other two-neutrino decays are also in reasonable agreement with calculations.
The tightest majorana neutrino mass limit m < 0:6 eV comes from 76 Ge. New neutrinoless limits for 100 Mo (for the mass mechanism, T 1=2 > 5:2 10 22 (68 % c.l.)) were presented in this conference by the Osaka group. 23 The corresponding mass limit (90 %) is 3.0 eV. A search in 100 Mo may be signi cantly improved by the coming of the NEMO-III detector which utilizes 10 kg of enriched isotope. The Gotthard TPC experiment 24 also reported their latest results at this conference. The lower half-life limit (90 %) of 136 Xe is now 4:4 10 23 y, which corresponds to m < 2:2 eV.
Conclusion
The standard-model origin of CP violation will soon be extensively tested by rare decays of K and B mesons. So far, there is no evidence of physics beyond the standard model in rare decays, but improvement by another order of magnitude may lead to a breakthrough.
